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In nuclear collisions at highest accessible LHC energies, often more than one dijet pairs deposit
momentum into the deconfined expanding medium. With the help of 3+1 dimensional relativistic
hydrodynamic simulation we show that this leads to measurable contribution to the anisotropy of
collective transverse expansion. Hard partons generate streams in plasma which merge if they come
close to each other. This mechanism correlates the resulting contribution to flow anisotropy with
the fireball geometry and causes an increase of the elliptic flow in non-central collisions.
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Study of the properties of the hottest matter ever cre-
ated in laboratory is in the focus of the heavy-ion pro-
gramme at the LHC. From data on jet quenching we
know that the created matter is in deconfined state. Cur-
rently, the focus is on studying the properties of such
deconfined strongly interacting matter. Comparisons of
hydrodynamic simulations with the measured data aim
at extracting the transport coefficients, mainly the vis-
cosity.
Due to transverse expansion of the created hot mat-
ter, hadronic transverse momentum spectra show a blue-
shift. The blue-shift varies azimuthally. This indi-
cates the modulation of the transverse expansion veloc-
ity as a function of the azimuthal angle. Such a mod-
ulation appears naturally in non-central collisions due
to azimuthally asymmetric shape of the initial overlap
region. However, a more detailed analysis reveals az-
imuthal anisotropies in every event which are causally
linked to to fluctuations in the initial state [1–6]. As these
fluctuations are propagated within the (weakly) viscous
relativistic fluid, dedicated simulation could put relevant
limits on the transport properties of the deconfined mat-
ter [2]. This is the standard approach which is being used
in present investigations: by selecting a set of initial con-
ditions and tuning the values of viscosities one tries to
find such a setting of hydrodynamic simulations which
reproduces as many features of data as possible. The
data today are very rich with a few orders of azimuthal
anisotropies for identified species, many kinds of corre-
lations, everything measured in various centrality classes
[7–11].
In this paper we point out another source of spectral
azimuthal anisotropy. It cannot be put into the family
of models where initial conditions are exclusively respon-
sible for the anisotropy. At the LHC, jets are no longer
such a rare probe. They are produced in initial hard
scattering together with copious minijets and propagate
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through the deconfined medium. It is known that quark-
gluon plasma quenches a large part—if not all—of the
energy and momentum of the hard partons which might
become jets. The momentum deposition from the par-
tons into medium induces collective effects [12–21] and
owing to momentum conservation there must be net flow.
Recently in [22] the response of medium to one very ener-
getic dijet was simulated in 3+1D hydrodynamics. In [23]
the generation of elliptic and triangular flow due to hard
partons within a 2+1D model was simulated. The intro-
duction of jets, however, breaks longitudinal boost invari-
ance which is implicitly assumed in a 2+1D simulation.
The influence of jets on the evolution in central collisions
was investigated in a 1+1D approach also in [24, 25].
Here we present results from our three-dimensional ideal
hydrodynamic simulation with realistic multiplicity dis-
tribution of hard partons.
In [26] it was shown with a help of a toy model that
if there are a few pairs of minijets within one event, the
wakes which they deposit may influence each other and so
lead to elliptic flow anisotropy correlated with the reac-
tion plane. Later in [27] we have shown that the concept
of two merging wakes that follow as one stream is repro-
duced in ideal hydrodynamics in a static medium. Here
we apply these ideas in three-dimensional simulations of
an expanding fireball motivated by realistic collision dy-
namics.
We present results on first to fourth order flow
anisotropies in central and non-central collisions. Hard
partons depositing momentum themselves are capable of
generating v2 of the order 0.015 in ultra-central collisions
at the LHC. It is important that in non-central collisions
their contribution is correlated with fireball geometry.
We show that they contribute considerably to the ob-
served anisotropy of hadronic spectra.
Higher harmonics of azimuthal anisotropy from hydro-
dynamically expanding fireball complemented with jets
were recently calculated also within the HYDJET++
model [28]. However, that model consists of two indepen-
dent parts: the soft production is modelled by parametri-
sation of hadron emission while the hard part is simulated
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2by separate Monte Carlo model. In contrast to that, we
focus on the interplay of the fluid and the jets. We study
how the fluid behaves when it is stimulated by jets in
addition to expansion due to pressure gradients.
We perform event-by-event hydrodynamic simulations.
Our model is three-dimensional, based on ideal hydro-
dynamics and uses the SHASTA algorithm [29, 30] to
deal with shock fronts. For each event the initial condi-
tions are first constructed smooth according to the opti-
cal Glauber prescription. Transverse profile of the energy
density at impact parameter b is characterised by
W (x, y; b) = (1− α)nw(x, y; b) + αnbin(x, y; b) (1)
where nw and nbin are the numbers of wounded nucleons
and binary collisions at given transverse position (x, y)
and the coefficient α is set to 0.16. The nucleon-nucleon
cross-section for Glauber calculation at
√
sNN = 5.5 TeV
is set to 62 mb. By choosing a smooth transverse pro-
file with no event-by-event fluctuations we can later be
sure that any anisotropic flow in addition to the event-
averaged one is due to the contribution of hard partons.
We can thus better estimate their contribution. For the
3+1D hydrodynamic simulation, initial profile in space-
time rapidity ηs =
1
2 log((t+ z)/(t− z)) is given by
H(ηs) = exp
(
− (|ηs| − ηflat/2)
2
2σ2η
)
θ (|ηs| − ηflat/2) .
(2)
We chose ηflat = 10 [31] and ση = 0.5. The initial energy
density then follows the distribution
(x, y, ηs; b) = 0
W (x, y; b)
W (0, 0; 0)
H(ηs) . (3)
We choose 0 = 60 GeV/fm
3 for the initial longitudinal
proper time τ = 0.55 fm/c.
For the hydrodynamic evolution we have taken lattice-
inspired Equation of State from [32].
Momentum feeding from hard partons into medium is
implemented via source terms in the energy-momentum
conservation equation
∂µT
µν = Jν , (4)
where the source term Jν stands for the rate of energy-
momemtum loss of hard parton [19, 20]
Jν = −
∑
i
∫ τf,i
τi,i
dτ
dP νi
dτ
δ(4)
(
xµ − xµjet,i
)
, (5)
where Pµi and x
ν
jet,i denote momentum and position of
the i-th hard parton, respectively. The sign in front of the
summation reflects the fact that the change of momen-
tum of the medium is opposite to the momentum change
of the hard parton. Integration runs over the whole life-
time of i-th parton until its energy is fully quenched and
the summation goes over all hard partons of the event.
The microscopic picture of how momentum is transferred
from the parton into medium is being investigated [33, 34]
but not yet fully understood at an applicable level. We
thus introduce spatial region over which the momentum
is initially distributed in a non-covariant implementation
of the source term
Jν = −
∑
i
1
(2pi σ2i )
3
2
exp
(
− (~x− ~xjet,i)
2
2σ2i
) (
dEi
dt
,
d ~Pi
dt
)
(6)
with σ = 0.3 fm. Partons are assumed to have mass
0.3 GeV when momentum loss is determined from the
energy loss.
Parton energy loss depends on the density of the
medium. The exact form of this dependence is not
known, yet [35, 36]. Here we assume that it scales with
entropy density s [37]. The scaling relation is thus
dE
dx
=
dE
dx
∣∣∣∣
0
s
s0
(7)
with s0 corresponding to energy density 20.0 GeV/fm
3
(T = 324 MeV and s = 78.2/fm3) For dE/dx|0 we usu-
ally choose values 4 and 7 GeV/fm.
For the production of hard partons we take the
parametrisation of gluon cross-section per nucleon-
nucleon pair in nucleus-nucleus collisions
E
dσNN
d3p
=
1
2pi
1
pt
dσNN
dpt dy
=
B
(1 + pt/p0)n
(8)
where for the energy
√
sNN = 5.5 TeV we have B =
14.7 mb/GeV2, p0 = 6 GeV and n = 9.5. The distribu-
tion of hard parton pairs in transverse plane scales with
the number of binary collisions. The pairs have balanced
transverse momentum. For the presented results we gen-
erated dijet pairs with pt above 3 GeV.
We chose to make simulations for the collision energy
of
√
sNN = 5.5 TeV for which one of us published the
educated guess that the effects of momentum deposition
on flow anisotropy should be measurable [26]. This can
also be regarded as a prediction for future LHC run.
Freeze-out is handled by the Cooper-Frye prescription
[38] on the hypersurface given by T = 150 MeV. We use
the THERMINATOR2 package [39] to generate hadrons
on the obtained hypersurface and evaluate results.
For Pb+Pb collision at full LHC energy
√
sNN =
5.5 TeV we simulate sets of events in three centrality
classes. In order to establish the effect on anisotropic
flow due to hard partons we analyze two central classes
of events: one corresponding to 0–2.5% of centrality dis-
tribution and one where we strictly set the impact pa-
rameter b = 0 fm. In order to see the contribution of our
mechanism in non-central collisions, we also simulate a
set of 30–40% centrality class.
For each setting we generate 100 hydrodynamic events.
On top of that we run on each obtained hypersurface
five times the THERMINATOR2 freeze-out procedure
and thus we quintuple the number of events in the anal-
ysis. Resonance decays are included. We obtain the
3anisotropic flow parameters v1, v2, v3, v4 for charged
hadrons by the two-particle cumulant method. Recall
that we analyse hadrons coming from the bulk freeze-out
of hot matter with collective flow influenced by hard par-
tons. All anisotropies in hadronic distributions are due
to anisotropic collective expansion.
We first investigate the size of generated anisotropy of
momentum distribution in ultra-central collisions (b =
0). Results are shown in Figure 1. Two values for
the energy loss are tested: dE/dx|0 = 4 GeV/fm and
7 GeV/fm. As a benchmark test we also evaluate the vn’s
from simulation with no hard partons and no fluctuations
and show that they are consistent with 0. The results are
also compared with simulations where hot spots were su-
perimposed on the smooth energy density profile. There
are as many hot spots as there would be hard partons.
These are regions where we deposit the same amount of
energy that a hard parton would carry if it was produced
there. In contrast to hard partons, in hot spots the en-
ergy is included in the initial conditions and not released
over finite time interval. Also, in a hot-spots scenario no
momentum is deposited. The comparison in Fig. 1 shows
that momentum deposition is important. Fluctuations in
the initial conditions by themselves are not able to gen-
erate the same flow anisotropies as wakes with streams
induced by hard partons.
It is somewhat puzzling why there is no difference in
results between the two scenarios which differ in the value
of the energy loss. Choosing higher value of dE/dx causes
that the partons loose their momentum faster, but it is
the same total amount of momentum that is deposited
into the fluid. In fact, most of them have rather low pt
and thus are quenched early.
The CMS collaboration has found a strong dependence
of v2 and v3 on centrality even for central collisions [11].
Although here we only want to get an educated estimate
on the size of the effect that our mechanism can generate,
it is tempting now to look how our vn’s would change if
we go to centrality class 0–2.5%. The results are shown
in Fig. 2 for charged particles. In Fig. 3 we present the
integarted vn’s as functions of centrality. We see that
going from b = 0 fm to 0–2.5% centrality there is no
dramatic increase in vn’s. If such effect is present in
data, it must be caused by a different mechanism.
In simulations of non-central events we clearly estab-
lish that the flow anisotropy generated by hard partons is
correlated with the reaction plane. This is a consequence
of the mechanism where two streams of the fluid in the
wakes merge when they are close. Then they continue
flowing in direction given by momenta of the two streams
[26, 27]. The proof of validity of this mechanism is pre-
sented in Fig. 4. We show v2 and v3 of charged hadrons
as calculated from an ensemble of 500 events with hard
partons depositing momentum. They are compared with
v2 and v3 being only due to event-averaged almond shape
of the initial hot matter. Obviously, v3 must vanish then
and it indeed does. If the contribution of hard partons
had random direction, we would not expect an increase
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FIG. 1. Parameters vn from collisions at b = 0 for charged
hadrons. Different symbols represent: energy loss of hard
parton dE/dx|0 = 4 GeV/fm (red –), 7 GeV/fm (black ),
scenario with only hot spots in initial conditions (purple ×),
scenario with smooth initial conditions (blue *).
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FIG. 2. Anisotropy parameters vn from centrality class 0–
2.5% for charged hadrons as functions of pt. The energy loss
of hard partons is given by dE/dx|0 = 4 GeV/fm. Red 4:
v2, black ◦: v3, blue ∇: v4.
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FIG. 3. Anisotropy parameters vn for charged hadrons in-
tegrated over pt for different centralities. The energy loss of
hard partons is given by dE/dx|0 = 4 GeV/fm.
of v2. However, v2 increases by more than factor of 1.5.
Note also the increase of other orders of the anisotropy
presented in Fig. 3 for integrated vn’s.
Our results show that the interplay of many minijet-
induced streams in a single nuclear collision at the
LHC yields considerable contribution to azimuthal
anisotropies of hadron distributions. The present simple
non-viscous model with smooth initial conditions should
merely be used for an educated estimate of the influ-
ence. It is certainly not capable of reproducing data,
since this requires inclusion of many fine details. Among
them the most prominent are shear and bulk viscosities
and a tuned model of fluctuating initial conditions. It
must be investigated, how to disentangle various mech-
anisms that generate all kinds of azimuthal anisotropies
with the help of many features of data that are currently
being measured.
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FIG. 4. Anisotropy parameters v2 and v3 for charged hadrons
as functions of pt from collisions within centrality class 30–
40%. The energy loss of hard partons is given by dE/dx|0 =
4 GeV/fm.
ACKNOWLEDGMENTS
This work was supported in parts by APVV grant
0050-11, VEGA grant 1/0457/12 (Slovakia) and MSˇMT
grant LG13031 (Czech Republic).
[1] B. Alver and G. Roland, Phys. Rev. C 81, 054905 (2010)
[Erratum-ibid. C 82, 039903 (2010)]
[2] C. Gale, S. Jeon, B. Schenke, P. Tribedy and R. Venu-
gopalan, Phys. Rev. Lett. 110, 012302 (2013)
[3] H. Niemi, G. S. Denicol, H. Holopainen and P. Huovinen,
Phys. Rev. C 87, 054901 (2013)
[4] S. Floerchinger and U. A. Wiedemann, Phys. Rev. C 89,
034914 (2014)
[5] W. L. Qian, P. Mota, R. Andrade, F. Gardim, F. Grassi,
Y. Hama and T. Kodama, J. Phys. G 41, 015103 (2013)
[6] U. W. Heinz, J. Phys. Conf. Ser. 455, 012044 (2013)
[7] K. Aamodt et al. (ALICE Collaboration), Phys. Rev.
Lett. 107, 032301 (2011)
[8] B. B. Abelev et al. [ALICE Collaboration],
arXiv:1405.4632 [nucl-ex].
[9] G. Aad et al. [ATLAS Collaboration], arXiv:1408.4342
[hep-ex].
[10] S. Chatrchyan et al. [CMS Collaboration], Phys. Rev. C
89, 044906 (2014)
[11] S. Chatrchyan et al. [CMS collab.], JHEP 02 (2014) 88
[12] L. M. Satarov, H. Stoecker and I. N. Mishustin, Phys.
Lett. B 627 64 (2005)
[13] J. Casalderrey-Solana, E. V. Shuryak and D. Teaney, J.
Phys. Conf. Ser. 27, 22 (2005) [Nucl. Phys. A 774 (2006)
577]
[14] V. Koch, A. Majumder and X. N. Wang, Phys. Rev. Lett.
96, 172302 (2006)
[15] J. Ruppert and B. Mu¨ller, Phys. Lett. B 618, 123 (2005)
5[16] T. Renk and J. Ruppert, Phys. Rev. C 73, 011901 (2006)
[17] R. B. Neufeld, Phys. Rev. D 78, 085015 (2008)
[18] R. B. Neufeld and T. Renk, Phys. Rev. C 82, 044903
(2010)
[19] B. Betz, J. Noronha, G. Torrieri, M. Gyulassy, I. Mishus-
tin and D. H. Rischke, Phys. Rev. C 79, 034902 (2009)
[20] B. Betz, J. Noronha, G. Torrieri, M. Gyulassy and
D. H. Rischke, Phys. Rev. Lett. 105, 222301 (2010)
[21] T. Renk, Phys. Rev. C 88, 044905 (2013)
[22] Y. Tachibana, T. Hirano, Phys. Rev. C 90 021902 (2014)
[23] R. P. G. Andrade, J. Noronha and G. S. Denicol,
[24] S. Floerchinger and K. C. Zapp, arXiv:1407.1782 [hep-
ph].
[25] K. C. Zapp and S. Floerchinger, arXiv:1408.0903 [hep-
ph].
[26] B. Toma´sˇik and P. Le´vai, J. Phys. G 38 095101 (2011)
[27] M. Schulc, B. Toma´sˇik J. Phys. G 40 125104 (2013).
[28] L.V. Bravina, et al., Eur. Phys. J. C 74, 2807 (2014)
[29] J. P. Boris, D. L. Book, J. Comp. Phys. 11, 38 (1973).
[30] C. R. DeVore, J. Comput. Phys. 92, 142 (1991).
[31] B. Schenke, S. Jeon and C. Gale, Phys.Lett. B 702 59
(2011)
[32] P. Petreczky, P. Huovinen, Nucl. Phys. A 897 26 (2010)
[33] R.B. Neufeld, Phys. Rev. D 78, 085015 (2008)
[34] R. B. Neufeld and I. Vitev, Phys. Rev. C 86, 024905
(2012)
[35] B. Betz and M. Gyulassy, JHEP 1408, 090 (2014)
[36] T. Renk, Phys. Rev. C 85, 044903 (2012)
[37] B. Betz, EPJ Web Conf. 13 (2011) 07002
[38] F. Cooper and G. Frye, Phys. Rev. D 10, 186 (1974).
[39] M. Chojnacki, A. Kisiel, W. Florkowski and W. Bro-
niowski, Comput. Phys. Commun. 183, 746 (2012)
